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Measure ren t s  o f  heat t r a n s f e r ,  p r e s s u r e ,  and r e c o v e r y  ‘temper- 

a t u r e  a t  t h e  b l u n t  base of  a c i r c u l a r  c y l i n d e r  w i t h  and w i t h o u t  

combust ion Df hydrogen  i n  t h e  r e c i r c u l a t i o n  zone h a v e  been  o b t a i n e d .  

The  t e s t s  w e r e  conducted a t  Mach numbers 0 . 2 3  and 3 ,  and the  

bouzdary  l a y e r  a t  t he  shoulder  appeaxed t o  be t u r b u l e n t .  The hydro- 

ger. was i-,traduced b y  t a n g e n t i a l  i n j e c t i o n  u p s t r e a m  of  t h e  s h o u l d e r .  

C o n i b u s t i m  was induced  a t  Mach 3 by a u t o i g n i t i o n  u t i l i z i n g  s u f f i c i e n t -  

l y  h i g h  f l o w  s t a 5 n a t i o r .  t e m p e r a t u r e s  and a t  Mach . 2 3  by  means of an  

e l e c t r i c  s p a r k .  The e x t e n t  t o  w h i c h  t h e  hydrogen  was e n t r a i n e d  i n  

t h e  r e c i r c u l a t i o n  zone was e s t a b l i s h e d  q u a n t i t a t i v e l y  by  f u e l  con- 

c e n t r a t i o n  n e a s u r e a e z t s  i n  the 1 7 i c i n i t y  of t h e  base. I t  w a s  found 

t:?at t h e  e f f e c t  of cambust ion on t he  b a s e  proper t ies  cou ld  be cor- 

related i z  terms of t h i s  fuel c o n c e n t r a t i o n .  U t i l i z i n g  t h i s  p a r a -  

x e t e r  , an ezpirical prSc.:?:::-e fcr  e s t i m a t i n g  t h e  r e c o v e r y  t e m p e r a t u r e  

anc i x r e a s e  ir: > . ea t in s  r a t e s  : s* ,oc ia ted  w i t h  c o r b u s t i o n  has been  . 

dedsced anc! i s  descr ibed herei:?. 
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"EXPERIMENTAL DETERMINATION OF KEAT TRANSFER DUE 

TO HYDROGEN COMBUSTION I N  A BASE FLOW REGION"  

I .  INTRODUCTION 

During t h e  launch  phase  of a c e r t a i n  c lass  of  s p a c e  boosters 

v e n t i n g  of the f u e l  t a n k s  i s  r e q u i r e d  i n  o r d e r  t o  r e l i e v e  t he  

p r e s s u r e  r ises caused by t h e  aerodynamic h e a t i n g .  T h i s  dumped 

f u e l  may be e n t r a i n e d  i n  t h e  base r e g i o n  a n d ,  depending  on f l o w  

c o n d i t i o n s ,  combust ion can  e n s u e  w i t h  subsequen t  exposure  of 'the 

v e h i c l e  s u r f a c e s  t o  e x c e s s i v e  h e a t i n g  r a t e s .  A t  t h e  p r e s e n t  t i m e  

adequa te  a n a l y t i c  methods f o r  d e s c r i b i n g  t h e  f l u i d  mechanics  i n  

t h i s  r e c i r c u l a t i o n  zone and t h e  e f f e c t  t h e r e o n  of  chemical re- 

action are n o t  a v a i l a b l e . p a r t i c u l a . r l y  f o r ' t h e  case of  a t u r b u l -  

e n t  boundary l a y e r  a t  t h e  s h o u l d e r  immedia te ly  upstream o f  the 

base. T h e r e f o r e ,  e x p e r i m e n t a l  r e s u l t s  are r e q u i r e d  n o t  o n l y  f o r  

d e s i g n  pu rposes  b u t  a l s o  t o  p r o v i d e  a framework on which t o  assess 

t h e  v a l i d i t y  of  any f u t u r e  t h e o r e t i c a l  work. 

T o  supp ly  some fundamental  d a t a  from which e n g i n e e r i n g  e s t i -  

n a t e s  couid  be o b t a i n e d  a n  e x p e r i m e n t a l  s i u d y  of t h i s  phenomenon 

h a s  been c a r r i e d  ou t  a t  t h e  G e n e r a l  Applied S c i e n c e  L a b o r a t o r i e s .  

For t h i s  purpose  a series of t e s t s  a t  Mach 3 w e r e  conducted  i n  

which t h e  s i t u a t i o n  d e s c r i b e d  above w a s  approximated .  To assess 

t h e  e f f e c t  of Mach number a d d i t i o n a l  t e s t s  a t  s u b s o n i c  s p e e d s  

w e r e  a l s o  performed.  

t a n g e n t i a l  i n j e c t i o n  of gaseous  hydrogen ups t r eam of  t h e  base of 

an ax isymmetr ic  body.  

were t o  e s t a b l i s h  the c o n d i t i o n s  under  which combust ion  would occur  

i n  the  r e c i r c u l a t i o n  r e g i o n  and t o  d e t e r m i n e  q u a n t i t a t i v e l y  t h e  

e f f e c t  of t h i s  combustion on t h e  p e r t i n e n t  base parameters. 

F i n a l l y  t h e s e  e f f e c t s  were t o  be r e l a t ed  t o ,  and es t imated from 

c o n d i t i o n s  p r e v a i l i n g  p r i o r  t o  t h e  o n s e t  of combust ion .  

The v e n t i n g  of t h e  f u e l  w a s  s i m u l a t e d  by the 

The s p e c i f i c  o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  
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The e x i s t e n c e  of  a t u r b u l e n t  boundary  l a y e r  a t  the  shoulder 

of  t h e  model was assurec!  by t h e  t u n n e l  s t a g n a t i o n  c o n d i t i o n s  used 

i n  t h e  t e s t s .  For t h e  Mach 3 t es t s  these w e r e  1000-2650CR and 

130 t o  440 p s i a  fo r  s t a g n a t i o n  temperature and pressure r s p e c t i v e l y  

y i e l d i n g  a Reynolds number r a n g e  of 3.0 t o  3 0  x lo6 based  on a 

model l e n g t h  of 1 . 5  f e e t .  The c o r r e s p o n d i n g  Reynolds  number f o r  t h e  

subson ic  t e s t s  w a s  2 . 1  x 10 . !l%ese o p e r a t i n g  c o n d i t i o n s  a l s o  i n -  6 

c l u d e  t e m p e r a t u r e s  s u f f i c i e n t l y  h i g h  t o  cause a u t o i g n i t i o n  of the 

i z j e c t e d  hydragen .  A t  che lower t e m p e r a t u r e s ,  s i n c e  n a t u r a l  

i g n i t i o n  d i d  n o t  o c c u r ,  xeasu remen t s  of f u e l  c o n c e n t r a t i o n  i n  the 

, .  r e c i r c u l a t i o n  zone w e r e  c h t a i n e d  i n  o r d e r  t o  d e f i r , ?  t h e  f r o z e n  f low 

f i e l d  t h a t  e x i s t s  p r i o r  to the o n s e t  of combust ion .  The p o s s l b i l i t y  

of i g r . i t i o n  o c c u r r i n g  a t - l o w  t e m p e r a t u r e s  by v i r t u e  of local h o t  

spo t s  was i n v e s t i G a t e d  S y  u t i l i z i n g  a r t i f i c i a l  i g n i t i o n  d e v i c e s .  

B D t h  electrical s p a r k  discYiarqes and a p y r o p h o r i c  fuel p i l o t  f l a n e  

was used f o r  t3 is  p u r p s s e .  I n  t h i s  c o n n e c t i o n  the r e s u l t s  of 

Tmnend (Ref .  I) azo Baker et a 1  (Ref. 2 )  may be c i t e d .  These 

i n v e s c i q a t 3 r s  f o u n d  t':at  stab?^ c o n b u s t i o n  of hydrogen cou ld  be 

e s t a b l i s k e d  i n  t h e  b a c c  r e . r i x  of c y l i n d r i c a l  b o d i e s  by  a r t i f i c i a l  

rr:ear.s a t  air t e n c e r a t u e s  w e l l  below p r a c t i c a i  a u t o i g n i t i o n  v a l u e s .  

These expe r imen t s  i;e:-e cJr..;';cted a t  Mach n u r h e r s  2.13, and 1.6 re- 

s p e c t i v e l y  w;?ic-:i a - a  I n t e r r , e d i a t e  t o  t h o s e  used i n  t h e  p r e s e n t  t e s t  

' 
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11. DESCRIPTION OF DCPERIMENTAL EQUIPMENT 

A.  H i q h  Tempera ture  A i r  Supply 

Two s o u r c e s  of h i g h  t e m p e r a t u r e  a i r  w e r e  u t i l i z e d  i n  

t h e s e  e x p e r i m e n t s .  For tests i n  the lower temperature r a n g e  

(1000°R-18000R) and for tes t s  i n  which c o n c e n t r a t i o n  measure- 
ments  were made, t h e  GASL c o n v e c t i o n  heater wae u t i l i z e d .  mi6 
f a c i l i t y  h e a t s  d r y  a i r  by p a s s i n g  it t h r o u g h  a bed of h o t  aluminum 

o x i d e  pebbles. 

'found i n  R e f e r e n c e  3. 

t h e  GASL combust ion heater w a 8  u t i l i z e d .  

A more d e t a i l e d  d e 6 c r i p t i o n  of th i s  heatetr may be 

For tests a t  h i g h e r  t e m p e r a t u r e  (up  t o  2600'R) 
Bere h e a t i n g  o f  the a i r  

stream i s  accomplished by b u r n i n g  a s t o i c h i o m e t r i c  m i x t u r e  of oxygen 

and hydrogen .  

A8 a r e s u l t  o f  this combust ion t he  air stream i s  v i t i a t e d  t o  a vary-  

i n g  e x t e n t  (depending  on t h e  amount o f  hydrogen burned t o  o b t a i n  a 

s p e c i f i c  t o t a l  t e m p e r a t u r e )  due  t o  the  p r e s e n c e  of w a t e  vapor. 

This e f f e c t  is m a n i f e s t e d  i n  a v a r i a t i o n  of the s p e c i f i c  h e a t  r a t i o  

and must b e . a c c o u n t e d  f o r  i n  the n o z z l e  d e s i g n .  Fu r the rmore ,  the 

p r e s e n c e  of water vapor  tends t o  o b s c u r e  c o n c e n t r a t i o n  measurements 

which u t i l i z e  a b i n a r y  t e c h n i q u e  t o  d e t e r m i n e  the p e r c e n t  of s p e c i e s  

p r e s e n t .  

This f a c i l i t y  was p r e v i o u s l y  deecribed i n  R e f e r e n c e  4. 

For t h i s  la t ter  r e a s o n  t h e  c o n v e c t i o n  heater wae u t i l i z e d  

e x c l u s i v e l y  f o r  d e t e r m i n a t i o n  of f u e l  c o n c e n t r a t i o n  i n  the base 

r e g i o n .  

An a d d i t i o n a l  characteristic of the combust lon heater is the 

u n s t e a d i n e s s  of t h e  s t a r t i n g  procelrs  due t o  the manner i n w h i c h  

cor,iuustion is i n i t i a t e d .  This i r  accompl ished  at r educed  flow 
rates of a i r  and hydrogen u n t i l  i g n i t i o n  is o b t a i n e d  whereupon 

t h e  gar flows are i n c r e a s e d  u n t i l  the d e s i r e d  operating c o n d i t i o n s  

have  been a t t a i n e d .  The r e s u l t i n g  u n s t e a d y  h i s t o r y  of t o t a l  temper- 
ature and pressure t o  which the model i s  expored  d i c t a t b e  the use 
of a t r a n e i e n t  t e c h n i q u e  f o r  the measurement of heat t r a n s f e r  as 

d e s c r i b e d  i n  s e c t i o n  0-3. 
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E .  Samplinq Ecuipinent 

The p e r c e n t  3f i n j e c t e d  f a e l  >resent i n  a t y p i c a l  sa.rr.ple 

of  f l u i d  c o l l e c t e d  was e s t a b l i s h e d  by  u t i l i z i z 2  t h e  sampl ing  

c c i ~ i ? ~ m t  r.;bich i s  a .va i lab2c  a t  GASL. The ric; c o n s i s t s  bas ica l l ! .  

o f  a mob i l e ,  2 0  b o t t l e  c o l l e c t i n g  u n i t  and a? a n a l y z i n q  u x i t  which  

e v a l u a t e s  t 5 e  p e r c e n t a g e  of species  p r e s e n t  i n  t h e  ( b i n a r y )  m i x t u r e .  

The l a t t e r  i n c o r p o r a t e s  a so-ca l led  t h e r m a l  c o n d u c t i l ? i t y  c e l l  w h i c h  

compares  the thermal  c o n d u c t i v i t y  of t he  unknown n i x t u r e  t o  t h a t  3f 

premixed samples  of  knotrn c o 2 c e n t r a t i o n .  The r e q u i r e d  c a l i b r a t i ' o n s  

w e r c  car:-ied oa t  i p m e d i a t e l y  before  ezch sampl ing  r u n .  A d e t a i l e d  

d e s c r i p t i o n  o f  t h i s  eqciprr.ezt i n c l a d i n 2  the under  l y i n g  t h e o r y ,  t h e  

3 p e r a t i n u  p r o c e d u r e ,  an6 i t s  a c c u r a c y  and l i x i t a t i o n s  nay be found 

1:; Rcfc rence  5 .  

C .  Nozzle and Base Mo5c1 

??cse i t c r s  :IIC C e c c r i b c d  here  c3:;zu:-r!,r.t 1;- s i n c e  the L a s c  

- . 3 c - i t . l ,  i n c l u i i : : ~  i:s s s p y l r t ,  f 3 r m s  aii i 2 t e q r a l  part of t h c  annG; ia r ,  
a ..:- .: .. c . . *- ._... : - - i - i c -  9 4 :-.tszzlc: . : s c ; ~  i:?. ~_lqese ? e s t c .  A scherr.atic of  t3e co:;fig- 

gratti;.? i s  sh3i\-:: i17, F i 3 X l - e  1 .  Xnzzl t?  cC)ntaui-s w e r e  c a l c u l a t e d  f o r  

. ..__,. -r31j u t i l i z i i i . ;  a s . jccific he3.t r a t i o  o f  1 . 3 5  which w a s  d e e n e d  

a reasc::al-:le a v e r a s e  v:l.c:e O-2e.r c 3 e  r a n a e  D f  s t a p n a t i q a  t e n p e r a t u r e  

: ; sc :?  ir: tl:i?se tests. T?:P ph\ycical a r e a  r a t i o  w-?icj re.ru1te.j  cor- 

rcs?T:?ds  t3 ~ ? r : - ~  2.138 :lo:.: far  p u r e  a i r  ( i . e . ,  f 3 r  - = 1 I ) .  0 - c t  

t?;c Genera l  c a Z t 3 u r s  5ad b e e n  g e n e r a t e d ,  ar! a z n u l a r  s t r e a m  tube w a s  

s e l e c t e d  wi th  inzer  ai-d o u t e r  d i a n e t e r  c o z s i s t e n t  w i t h  the  mass f i o w  

c a p a b i l i t i e s  of  t h e  i i ig3 teTgcrature  a i r  f a c i l i t i e s  d e s c r i b e d  

p,.rt*:iousi;-. T h e  c o n t 3 u r  of the i n n e r  s t reaztube ;cas u t i l i z e d  t o  

g e r ' e r a t e  t h e  centerb3d;: s u p p o r t  and c y l i n d r i c a i  base. The  r e s u l t i n g  

:.est Sect i.27. 6 i a x e t c r  is zorr , inal ly  s i x  i n c h e s  w i t ?  a c y l i n d r i c a l  

..-- -> c 7 

,-e;.,tpr!-,2-;.. I : "  ;.. 1 .  J ,  tcr  a t  t h e  Sasc .  IE additig,: ,  t o  e1irirati::c 
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i n t e r f e r e n c e  from a s u p p o r t  s y s t e m  t h i s  approach also permits 

the  u s e  of a r e l a t i v e l y  l a r g e  base model ( for  a g i v e n  test 

s e c t i o n  d i a m e t e r )  s i n c e  b o w  shocks are n o t  p r e s e n t  and t u n n e l  

i n t e r f e r e n c e  due  t o  r e f l e c t i o n  o f  these waves does n o t  occur. 

The r i g  d e s c r i b e d  h e r e  w a s  a l so  u t i l i z e d  i n  s e v e r a l  

s u b s o n i c  r u n s .  Subsonic  f low w a s  a t t a i n e d  by r e d u c i n g  the mass 

f l o w  t h r o u g h  the  n o z z l e .  To minimize  n o n - u n i f o r m i t i e s  i n  the 

f low s t a i n l e s s  steel screens w e r e  i n s t a l l e d  ups t ream o f  the  tes t  

s e c t i o n  as shown i n  F i g u r e  1. 

I n j e c t i o n  of  t he  gaseous  hydrogen f u e l  w a s  b y  means of 

e i t h e r  an  a n n u l a r  s l o t  - 0 5 0  i n c h e s  h i g h  o r  t h rough  a series of 

t e n  .040 i n c h  I.D. t u b e s  a r r a n g e d  p e r i p h e r a l l y  around the 

c y l i n d r i c a l  c e n t e r b o d y .  The e x i t  s t a t i o n  f o r  the  f u e l  w a s  

l o c a t e d  a t  a p o i n t  approx ima te ly  one base d i a m e t e r  ups t r eam of 

t he  base as  shown i n  F i g u r e  1. I n j e c t i o n  w a s  e s s e n t i a l l y  pa ra l l e l  

t o  the model axis. 

D. I n s t r u m e n t a t i o n  

1) P r e s s u r e  Measurements 

The base of t h e  model w a s  p rov ided  w i t h  a series of  . 

f l u s h  p r e s s u r e  taps  .040 i n .  i n  d i a m e t e r  and l o c a t e d  as shown i n  

Figure 2 . '  A d d i t i o n a l  s t a t i c  taps were i n s t a l l e d  i n  t h e  t u n n e l  

w a l l  a t  s t a t i o n s  immediately ups t r eam and downstream of  t h e  base. 

F r e e  stream p i t o t  p r e s s u r e s  w e r e  o b t a i n e d  by  means of  small d i a m e t e r  

(.0625 i n . )  t o t a l  head p robes  s u p p o r t e d  from the t u n n e l  w a l l .  C a r e  

w a s  t a k e n  i n  l o c a t i n g  these t o  i n s u r e  t h a t  t he  p r e s e n c e  of the probe 

d i d  n o t  a f f e c t  t h e  base f l o w .  For  t h e  d e t e r m i n a t i o n  of t h e  s u b s o n i c  

v e l o c i t y  p r o f i l e s  shown i n  F i g u r e  3 a s t a n d a r d  P r a n d t l  t y p e  p i t o t -  

s t a t i c  Frobe as manufactured by t h e  Un i t ed  Sensor  & C o n t r o l  Corpor- 

a t i o n  ( H a r t f o r d ,  Conn.) was u t i l i z e d .  



P r e s s u r e s  xere measured i%-ith s t ra i r !  q a u g e  and  

v a r i a b l e  r e l u c t a n c e  t r a n s d u c e r s ;  t h e  o u t p u t s  b e i n q  r e c o r d e d  

an h i g h  speed m u l t i - c h a n n e l  Dscil locraphs.  A " S c a n i v a f v e "  

( t r a d e  name of S c a n i v a l v e  C o . ,  San Diego ,  C a l i f . )  w a s  u s e d  

t o  rnaz i fo ld  a number of p r e s s u r e s  t o  a s i n g l e  t r a n s d u c e r .  

2 )  T e n p e r a t u r e  Measurerrients 

The t o t a l  t e m p e r a t u r e  o f  t h e  main stream w a s .  

o b t a i n e d  by means o f  eit:?er p la t inum-rhodium o r  chromel-alumel 

t?,crmocouples per r ianent l \ .  i n s t a l l e d  i n  t3e plenum charnber o f  

thc parc icu lar  f a c i l i t l -  m t i l i z e d .  For  measurement of the re- 

cover:' t e m p e r a t u r e  i n  t h e  r e c i r c u l a t i o n  zone a bare thermo- 

c o u p l e  j u n c t i o n  Kas l o c a t e d  a t  a po iz t  s l i g h t l y  o f f  t h e  a x i s  and 

a p p r g x i z , a t e l y  0 .125  i n c h e s  above (downstream) t h c  base s u r f a c e  

ex tendi r .2  the +&errnocouple 3 u t  f r o m  t h e  c e n t e r b o d y .  T h i s  

t 3 e r E o c o u p l e  w a s  f a b r i c a t e d  from a s t a n d a r d  Thcrmo E l e c t r i c  Co., 

(Sadd ieb r3ok ,  N.J.) "CeraT:o" t he r f iocoup le  lead  wi th  an -040 i n .  

o u t s i d e  d i a m e t e r  s h i e l d  a::d 36 g a g e  chromel-alurriel x i r e .  The 

resu l l i r i?  (welded) j L n c t i o n  i s  q u i t e  s m a l l  and i n s u r e s  gocd 

l-espoi?se with a v i x i m n  o f  d i s t u r b a n c e  t o  t h e  base f l o w .  The 

D c t p u t s  f ro?? t h e  t h e r n g c o u p l e s  w e r e  recorded on  o s c i l l o g r a p h s  

3:: n;c.c:?ar?ical retarders. 

3 )  Heat T r a n s f e r  Measurements 

Thc t r a n s i e n t  h e a t  t r a n s f e r  r a t e s  w e r e  o b t a i n e d  by 

neaps of one-d imens iona l  cages ,  f i r s t  described i n  Refers3cc 2 1 .  

. S e v e r a l  o f  these $aces w e r e  l o c a t e d  i n  t h e  base a s  shDwn i!: 

F i a u r e  2 .  One a d d i t i . ? n a l  gacje w a s  i n s t a l l e d  i n  t h e  o u t e r  t u n n e l  

w a l l  at a FLrpax;,-isp c t a t i g , n  c q i : ? r i d c y f  w i t h  t!:c 5.-:sc shocidcr  

( 1 - 2 ~  F :,.:.:.ire 1 )  . 

. 
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D e t a i l s  of  t h e  gage c o n s t r u c t i o n  are g i v e n  i n  F i g u r e . 4 .  They 

c o n s i s t  e s s e n t i a l l y  of a m e t a l  p l u g  o r  c y l i n d e r  imbedded i n  the model 

w a l l  i n  such  a way a s  t 3  minimize l a t e r a l  h e a t  c o n d u c t i o n .  T h i s  i s  

accomplished by p r o v i d i n g  an i n s u l a t i n g  a i r  gap  between t h e  c y l i n d e r  

and t h e  x a i l  of t h e  n z d e l  f o r  m s s t  of t h e  l e n g t h  of t h e  gage.  Thermo- 

c o u p l e  l e a d s  are  t h r e a d e ?  th rough  t h e  c e n t e r  of t h e  p l u g  and a j u n c t i o n  

i s  nabe a'; t h e  s u r f a c e  k y  rieans c f  p i n s  made of i d e n t i c a l  m a t e r i a l . .  

Da ta  r e d u c t i o r ,  i s  f s r t h e r  s i m p l i f i e d  by making t h e  w a l l  t h i c k n e s s  

s u f f i c i e n t l y  l a r g e  s o  tkhat a s e m i - i n f i n i t e  h e a t i n g  s i t u a t i o n  i s  

appr  ox imared . 
4 

The rneasured s u r f a c e  t e n p e r a t u r e  h i s t c r y  o b t a i n e d  w i t h  these g a g e s  

i s  i - t e r p r e t e d  a s  t h e  b m n d a r y  c o n d i t i o n  f o r  t h e  one-d imens iona l  un- 

s t e a d y  c o n d a c t i o n  of ?e?: tc a s e n i - i n f i n i t e  s o l i d  ( w i t h  c o n s t a n t  

t h e r n a l  p r o p e r t i e s )  i z i t i a l l y  a t  a un i fo rm t e m p e r a t u r e .  The h e a t  

t r a r s f c r  i s  Dbtained b y  ?.mner i c a i  i n t e g r a t i o n  cs i r .9  t he  GASL computer 

p r q r a r n  d e s c r i b e d  i n  R e f e r c : : . ; i : ~  6. 

-7 L : ? e  ?ec'-!:-!;irxt. d e s ? r  ;I-. ?:s-"c _ -  xi11 g e 2 e r a l I . y  y i e l d  v a l u e s  cf h e a t  
7 .  flxx -.GT.:C-:-, x:e i;..:i.r i !..:' 7 -:sc ac:sall \r  cc.cL1-r :I::. ; 'his is due, f i r s t  

3: a l l ,  7.3 L a c ; e r a L  c cC;:-.c:Li:+ ..;!I. Secordiy, ?.!:e effective l o c a t i o n  . .  

of t h e  t q - , v - - ~ - , . q  I .,lL _.a;:ie - ! L : ' c ~  .:?: ,%.- 1 1  t e z d  t3 b e  S e n e a t h  t h e  a c t u a l  s u r f a c e  

s s  t ? i a t  lca-er terr!er-:.t,:rc.s .: ~j 1 be recorded tl:er eby decreas i? .g  t h e  

e s t i m a t e d  ':-:eat f l a x .  T 3 : c - i ~ ~  Izts acc3u::t t h e s e  e f ' f e c t s ,  i t  i s  e s t i -  

mated +,%at tiis 5easz r t . c  2 e a i  flux r a t e s  w i l l  he l c a e r  t h a n  t h e  a c t u a l  

i.,-..lues by about  :>;/. - 15,;' x i . t I1  t h e  errsr  i r c r e a s i n g  a t  t h e  h i g h e r  

t e n p e r  a t x r  e s  . 

-. . 

, 
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4 )  Concen r a t i o n  Measurements 

Samples of  t he  f l u i d  i n  t h e  base r e g i o n  w e r e  collected by 

m a n i f o l d i n g  three o f  t he  f i v e  f l u s h  p r e s s u r e  t aps  l o c a t e d  i n  the base 

t o  an evacua ted  sarnpling b o t t l e .  This m a n i f o l d i n g  w a s  n e c e s s i t a t e d  

b y  the shor t  d u r a t i o n  of  s ampl ing  t i m e  (5-10 s e c o n d s )  and the l o w  

d r i v i n g  p r e s s u r e  (2-3 p s i a )  w h i c h  w a s  a v a i l a b l e  f o r  p r o v i d i n g ' a  

sample s u f f i c i e n t  f c r  an a c c u r a t e  a n a l y s i s  t o  be per formed.  The 

p a r t i c u l a r  s e t  o f  p r e s s u r e  t a p s  c o n n e c t e d  t o  the  sampl ing  bo t t l e  w a s  

v a r i e d  from t i m e  t o  t i m e  t o  a s c e r t a i n  t h e  e x t e n t  t o  which t h e  base 

c o n c e n t r a t i o n  v a r i e d  a l o n g  t h e  base s u r f a c e .  KO m e a s u r a b l e  d i f f e r e n c e  

c o u l d  be d e t e c t e d .  I t  i s  concluded  t h a t ,  w i t h i n  the  a c c u r a c y  of these 

measurements ,  the  c o n c e n t r a t i o n  i n  t he  v i c i n i t y  of the base w a s  

e s s e n t  i a 1  l y  u n i  f orn . 
5)  Mass Flow Measurenen t s  

Mass f low measurement w a s  b y  means of s t a n d a r d  v e n t u r i  

meters ,  w i t h  t h e  p r e s s u r e s  be i r .g  r e c o r d e d  by t h e  t r a n s d u c e r - o s c i l l o -  

q r a p h  l i n k  descriSed p r e v i 2 u s l y .  I n  a d d i t i o n  t o  t he  f u e l  i n j e c t e d  

t h r o u g h  t h e  node1 t h e  t u n n e l  a i r  f low a s  w e l l  as t h e  oxygen and 

h y d r q e n  f l c w  for the  ccrr.bGistisr. hea te r  w e r e  a l s c  mon i to red .  The 

l a t t e r  irieasuremerts are esser, t ;ai  s i n c e  t h e y  permi t  a compar ison  t o  

be nade between t h e  Ireasurec t i ; ta l  t e m p e r a t u r e  and t h e  t h e c r e t i c a l  

flame t e m p e r a t u r e  i m p l i e u  by t h e  amount o f  f u e l  a c t u a l l y  i n j e c f e d .  

These  compar isons  i n d l c a r e a  t h a t  t h e  p r e s e n c e  cf unburned hydrogen  

i n  t he  r e s u l t i n g  t u n n e l  f l o w  w a s  n e g l i g i b l e .  
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111. PRESEK'ATION AXD DISCZSSION OF RESULTS 

A .  Descript ion of t h e  Basic Flow 

Fcbr t he  p r p c s e  nf ccnparisen with t h e  resiilcs obtained 

with i r j e c t i c r . ,  ccnsi.deral!e e f f , ? r t  was devoted t D  c o l l e c t  measure- 

m e n t s  defir,irig t h e  bas:.c i l w  f i e l d  occurizg without i n j e c t i o n ,  

These da t a  a re  sctn?arized ir. t h i s  sectior.. I n  add i t ion ,  wherever 3 

p c s s i b l e ,  they have been ccnnpared with ava i l ab le  thecry ana/or 

other  exper-:!wntal dn:a I.r! :,:+der t ?  prc=-lde a b a s i s  for  a s s e s s k g  

t h e  accuracy of the  experiaental  se tup  and measuring techniques 

u t i l i z e d  i n  t h i s  Ir.-v,estiyat.:r.?-!, 

i. 5iubscc.l.c les: .s  

* I-*- ArAe zcxinal cperat ing cor,ditlor,s fo r  t h e  subsonic tes t  

s e r i e s  a r e  l i s t e d  i.r. Table I.  I.-,lpical ve loc i ty  and t o t a l  pressure 

prsfiles a t  an5. "ear the b a s e  sko.dlder a r e  s;?sxr. i.r Figure 3 
L - r  ,L,jether wi.:-rA spacqexlsc c: s ? . - r i b ~ t  icns of  s t a t i c  pressure  i n  t.he 

vlcir.;.r:y of t:.c base. F::..r.a :?:est-? data I?, appears t j a t  t h e  base 

Fressure c o e f f i c i e n t  ar.2 Ma?!, r!!x.ber fcr r3-e s ~ k - s o n i c  t e s t s  a re  

ap lxsx i r a re i l : ,  0 . 2  and . 2 3  ;~ i , s ?cc t i - s . e l .~~ .  
I - - _ .  

L . :. . !:I??- 5 .  '-: 1.. . :-: . ; 
.-A -. 
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s l i g h t  v a r i a t i o n  i n  the e x t e r n a l  Mach number a t  the s h o u l d e r .  

R e p r e s e n t a t i v e  d a t a  showing t h e  spacewise d i s t r i b u t i o n  of the  pressure 

on the base d u r i r q  a g i v e n  r u n  i s  shown i n  F i g u r e  6. Some v a r i a t i o n  

i s  e v i d e n t  w i t h  the p r e s s u r e  a t  the axis o f  the base b e i n g  some- 

w h a t  h i g h e r  t h a n  t he  v a l u e  clcser t o  the s h o u l d e r .  For  the p u r p o s e s  

of t h e s e  e x p e r i n e n t s  t h i s  v a r i a t i o n  i s  n o t  c o n s i d e r e d  s i g n i f i c a n t  

and t h e  base p r e s s u r e  i n  t h e  f u r t h e r  d i s c u s s i o n  w i l l  be c h a r a c t e r i z e d  

by a s i n g l e  v a l u e  c o r r e s p o n d i n g  t o  a s u i t a b l e  a v e r a g e .  

b) Recovery Temper a t u r  e 

The r e s u l t s  of the base r e c o v e r y  t e m p e r a t u r e  measure-  

m e n t  w i t h o u t  combust ion are  p r e s e n t e d  i n  F i g u r e  7 w h e r e  t h e y  are com-  

pared w i t h  some o t h e r  d a t a  a v a i l a b l e  i n  the open l i t e r a t u r e .  T h i s  

d a t a  is the r e s u l t  of n e a r  wake i n v e s t i g a t i o n s  conducted  a t  a v a r i e t y  

of  f low c o n d i t i o n s  as i n d i c a t e d  i n  F i g u r e  7. The compar ison  i s  made 

o n l y  f o r  the  purpose  of e s t a b l i s h i n g  t ha t  the r e s u l t s  o b t a i n e d  i n  the 

present t e s t  series a re  r e a s o n a b l e .  There i s  no  i n t e n t  here to 

f o r m u l a t e  c o r r e l a t i o n s  f o r  g e n e r a l  u s a g e .  Such an  endeavor  would 

c l e a r l y  be beyond t h e  scope  of t h e  p r e s e n t  work. 

, c)  Eeat Z'ransfer R e s u i t s  a t  the Base, Shocllder 

ft was p x e v l r u s l y  no ted  t h a t  a heat t r a n s f e r  g a g e  w a s  

i n s k a l l e d  f i..sh w i  t? +;?e -\iter i -unnel  w a l l  at a streanwise s t a t i o n  

c s i n c i d e n t  with t?.c base s h o u l d e r .  Although t h i s  gage i s  n o t  a c t u a l l y  

l o c a t e d  on t h e  c e n t e r b o d y  p r o p e r  the  measurements  o b t a i n e d  there can  be 

i n t e r p r e t e d  as a p p l i c a b l e  t o  t h e  base s h o u l d e r  s i n c e  both l o c a t i o n s  are 

exposed t o  t h e  same e x t e r n a l  c o n d i t i o n s .  F u r t h e r m o r e ,  for  t he  t u r b u l e n t  

flow c o n d i t i o n e  e x i s t i n g  h e r e  t h e  e f f e c t  o f  l a t e ra l  c u r v a t u r e  i s  s l i g h t  

and c o r r e c t i o n s  t o  accoun t  for t h e  d i f f e r e n c e  i n  r a d i u s  are n e g l i g i b l e .  

T h s s ,  i n  t he  f u r t h e r  d i s c u s s i o n  a l l  measurements  o b t a i n e d  a t  t h i s  

l a c a t i o n  will be c o n s i d e r e d  p r o p e r t i e s  a t  the  base s h o u l d e r  and w i l l  be 

a e n o t  ed by s u b e c r i p t  8 .  
I 
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The heat  t r a n s f e r  r e s u l t s  a t  t h e  shoulder are shown 

i n  Figure 8. To assess  t7.e accuracy of t h e s e  measurements t h e  r e s u l t s  

have been compared with t h e  pred ic t ion  of t h e  f l a t - p l a t e  r e fe rence  

enthalpy met'licci !cf Met%s3 I Df Ref. 8)  denoted henceforth a s  t h e  FPRE 

nethod. A c c c r d i n g  t o  thls methcd t h e  hea t  trar?.sfer can be predic ted  

from the  r e l a t i c n  

where 

1/3 I 4/5 XU' S = 0 . 0 3  ( P r ' )  ( R e F )  

Re .:. B 
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e x h i b i t e d  by t h e  l a t t e r  i s  s y s t e m a t i c  and hence  p r o b a b l y  n o t  due  t o  

e x p e r i m e n t a l  s c a t t e r  C o r r e c t i o n s  w e r e  performed t o  accoun t  f o r  t h e  

p r e s e n c e  of water vapor bx; t h e s e  proved t o  b e  n e g l i g i b l e .  T h e  

b e h a v i o r  i s  p r c b a b l y  d u e  tc t h e  l a t e r a l  c o n d u c t i o n  e f f e c t s  i n  t h e  

h e a t  t r a n s f e r  gage p r e v i o i l s l y  men t ioned ,  which i n c f e a s e  n o t  o n l y  

w i t h  h i g h e r  -heat ing r a t e s  bc t  a l s o  w i t h  i n c r e a s e d  r u n n i n g  t i m e .  Note 

t h a t  mi fox^ c o n d i t i o n s  were achieved  i n  t h e  c c n v e c t i o n  h e a t e r  w i t h i n  

2-3 s ecozds  iGhereas, a s  a r u l e ,  a p p r o x i m a t e l y  10-12 s e c m d s  e l a p s e d  

b e f o r e  t h e  cori5ust ion h e a t e r  was c p e r a t i n g  a t  t h e  d e s i r e d  s t e a d y  

st a t e .  

d j  , Heat T r a n s f e r  R e s u l t s  a t  t h e  Base 
m- - L ~ e  :?eat t r a n s f e r  r e s u l t s  a t  t h e  b a s e  w i t h o u t  i n j e c -  

t i o r !  a r e  shncr. i n  F i g u r e  9 i n  ncn-d imens iona l  form a c z o r d i n q  t o :  

13) 

\;:-,ere thcr-c,dy;-,a- i 2: c , r : - * - ~ .  I - .A . 7 - onc _.. a re  csn;p~:terj f r c ~ ,  s tandarc!  a i r  

t a b l e s  fo r  t h e  r reasured  ..:al,e s f  :: . ';:?e v a l u e s  cf 3 e a t  t r a n s f e r  

r a t l ?  Ese? a r e  ti;c.se ocr;:~:' ;:I:: d u r i n g  s t e a d y  s t a t e  w i t b  t .he  w a l l  

t e r , ? e r a t u r e  and base ;;rcss;.:~ c a t  the c s r r e s p o n d i n g  i z s t a n t a n e o u s  

v a l u e s .  E a c 5  d a t a  p ~ i : - ~ t  cc . r respor?ds t o  a p a r t i c u l a r  t e s t  r u n  and 

for each  of t h e s e  t h e  h e a t  f l u x  h a s  been  c h a r a c t e r i z e d  b;.' a s i n g l e  

v a l u e  of CI s i n c e ,  a s  i-3 t?;e c a s e  of t h e  b a s e  p r e s s u r e  measurements ,  

sTacewise  r e s o l u t i o c  was d e e m c '  n D t  mean ingfc l  w i t h i n  t 3 e  p r e s e n t  

experinental accuracy .  ??e val.de u t i l i z e d  r e p r e s e n t s  t h e  masimum 

of t h e  s e v e r a l  a= .a i lah j ic .  

s c) 

-A' a 
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The d a t a  a g a i n  e x h i b i t s  t h e  b e h a v i o r  p r e v i o u s l y  

obse rved  a t  t h e  model s h o u l d e r  i n  t h a t  t h e  r e s u l t s  o b t a i n e d  i n  

t h e  c o n v e c t i o n  h e a t e r  are  s y s t e m a t i c a l l y  h i g h e r .  However, t h i s  

e f f e c t  i s  c o n s i d e r a b l y  less pronounced a s  would be e x p e c t e d  fo r  

t h e  l o w e r  h e a t i n g  ra tes  o c c u r r i n g  a t  t h e  base. 

As i z d i c a t e d  i n  F i g u r e  9 t h e  heat  t r a n s f e r  r e s u l t s  

e x h i b i t  a N u s s e l t  number dependence  on  t h e  2/3 power of Reynolds  

number. T h i s  i s  i n  agreement w i t h  t h e  c o n c l u s i o n s  o f  R e f e r e n c e  10 

and 11 w h e r e i n  t h e  heat  t r a n s f e r  charac te r i s t ics  o f  t u r b u l e n t  

s e p a r a t e d  f l o w s  h a v e  b e e n  examined. ' 

B. C o n c e n t r a t i o n  Measurements 

I n  t e s t s  w h e r e  c o n c e n t r a t i o n  measurements w e r e  o b t a i n e d ,  

t c? .ne l  and f u e l  f l o w  were i n i t i a t e d  s i r n u l a t a n e o u s l y .  However, 

sarrpl ing 3 f  t h e  f l u i d  i n  t h e  r e c i r c u l a t i o n  zone  w a s  d e l a y e d  a 

minimum of 2 secmds  t o  assure t h e  e x i s t e n c e  of s t e a d y  c o n d i t i o n s  

i n  t 3 e  Sase. This d e l a y  was a u t o i i i a t i c a l l y  c o n t r o l l e d  by e l e c t r i c a l  

t i m - ? r s  a c t i v a t e d  by i n i t i a l  f u e l  i n j e c t i o n .  The sampl ing  w a s  accom- 

plis?;ec' by t h e  p r o c e d u r e  p re ; l i ocs ly  descr ibed.  

The - r c ? s u l t s  3 f  c o n c e n t r a t i o n  measurements a r e  summarized i n  

F i2 .ures  1 0  and 11 f o r  t h e  s u p e r s o n i c  a n a  s u b s o n i c  t e s t s  r e s p e c t i v e l y .  

I n  these f i g u r e s  t:?e mass flow of hydrogen  h a s  been  non-d imens iona l i zed  

w i t h  respect t o  t h e  o v e r a l l  t u n n e l  mass f low.  T h i s  meth3d of normal- 

izing ::-,e r e s u l t s  i s  c h o s e n  f o r  cony<enience  i n  i n t e r p r e t i n g  t h e  d a t a  

o b t a i n e d e w i t 3  c o n b u s t i o n  a s  w i l l  be descr ibed i n  a l a t e r  s e c t i o n .  
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The dependence of t he  base c o n c e n t r a t i o n  o f  f u e l  on the  

mode of i n j e c t i o n  as w e l l  as  on the  r a t e  t h e r e o f  i s  c l e a r l y  e v i d e n t  

f o r  both the s u b s o n i c  and s u p e r s o n i c  r u n s .  T h i s  b e h a v i o r  i s  p r o b a b l y  

a s s o c i a t e d  w i t h  t h e  d i f f e r e n c e  i n  t he  mixing  mechanism w h i c h  e x i s t s  

betwe7n t h e  two i n j e c t i o n  schemes. 

C l e a r l y  t h e  h i g h e r  base c o n c e n t r a t i c n s  are a s s o c i a t e d  w i t h  

g r e a t e r  e n t r a i n n e n t  of  f u e l  i r ? .  t h e  r e c i r c u l a t i o n ' z o n e  which i n  t u r n  

i n p l i e s  less mixing  o f  the  f u e l  w i t 3  the high v e l o c i t y  e x t e r n a l  a i r  

capable sf t r a - c e r s i n c  t h i s  r e g i o n .  Hence, i t  would appear t h a t  much 

g r e a t e r  mixing o c c u r s  i3 i th  t u b u l a r  i n j e c t i c m  w h i c h  i s  o f  c o u r s e ,  con- 

' s i s t e n t  with t h e  t h r e e - d i n s n s i c n a l  character of t h i s  c o n f i g u r a t i o n .  

T 3 e  e f f i c i e n c y  of t h e  p r o c e s s  w i t h  a n n u l a r  i n j e c t i o n  i s  even  f u r t h e r  

r e d u c e d  Isezause o f  t5e possible l a m i n a r i z a t i o n  of the  boundary. l a y e r  

311 tile c y l i n d e r  due  t o  t:?e low e x i t  v e l o c i t i e s .  

C .  E f f e c t  o f  I r . j e c t i s n  3n Base P a r a x e t e r s  in t he  

Absence o f  C o r h i l s t i c n  

T 3 e  e f f e c t  of f z e l  i z j e c t i o n  02 b a s e  pressure ana r e c o v e r y  

t e T p e r a t u r e  i s  shewn in F i g u r e s  1 2  and 1 3  f o r  t h e  s u p e r s o n i c  case. 

Corrcspo::dinc r c s r : l L s  f s r  t7:e IT.-: speed  tests a r c  ::t.t p r e s e n t e d  s ' i nce  

23 ~ i s c e r n i b l - e  effect on these p a r a m e t e r s  was o b s e r v e d .  Iqrixever, i t  

s : - o ~ l c !  be n o t e d  t k a t  t3e  r e d u c t i o n  i n  t h e  r e c o v e r y  t e r p e r a t v r e  i s  a 

c o n s e q u e r c e  of .the lob.- t e r p e r a t u r e  of  t h e  f u e l  r e l a t i v e  t~ t h e  f r e e  

s t ream a i r .  T h u s ,  f o r  t h e  s u b s o n i c  t e s t s  where b o t h  f u e l  and f r e e  

stream a i r  were a t  ambient  t e m p e r a t u r e  no  decrerrient i n  r e c o v e r y  

t e z p e r a t u r e  w o c l d  be e x p e c t e d .  

The t r e n d s  p r e v i o u s l y  observed  f o r  base c o n c e n t r a t i o n  z r e  

r e f l e c t e d  once a q a i n  i n  t h e  d a t a  t ake r ,  i n  t 3 e  r e c i r c t i ? a t i c s  Z; : . .C .  

Ti-i,it i s ,  a s::F:stantiall ; .  q r c a c p r  e f f e c t  is i>rxi . :<-cci  the a n n u l a r  
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mode o f  i n j e c t i o n  on b o t h  p r e s s u r e  and t e m p e r a t u r e  a t  any g i v e n  r a t e  

o f  f u e l  f l ow.  

I n s o f a r ,  a s  t he  t e m p e r a t u r e  e f f e c t  i s  concerned  it i s  clear 

t h a t  t h i s  i s  a s s c c i a t e d  w i t h  t h e  e n t r a i n m e n t  of  c o l d  hydrogen i n  the 

r e c i r c u l a t i o n  zone. D e s p i t e  t h e s e  lower t e m p e r a t u r e s  however ,  the  low 

m o l e c u l a r  we igh t  of  t h e  e n t r a i n e d  f u e l  would t e n d  t o  r e d u c e  t h e ' a v e r a g e  

d e n s i t y  i n  the s t r e a m t u b e  c o n t a i n e d  by t h e  d i v i d i n g  streamlhe. From 

a . f l u i d  dynamic p o i n t  of  view t h i s  would be r e f l e c t e d  i n  a r e d u c t i o n  

i n  t h e  expans ion  s u f f e r e d  b y  t h e  d i v i d i n g  s t r e a m t u b e  w i t h  a con- 

s e q u e n t  i n c r e a s e  i n  t h e  e q u i l i b r i u m  p r e s s u r e  w i t h i n  t h e  dead a i r  r e g i o n .  

T h i s  e f f e c t  i s  demons t r a t ed  i n  the  observed  p r e s s u r e  rises and by t h e  

shadowgraph p i cu t r e s  o f  the  b a s e  f low shown i n  F i g u r e s  14. Here ,  the 

f l o w  p a t t e r n s  w i t h  and w i t h o u t  i n j e c t i o n  have  been  compared. An in -  

c r e a s e  ir. t he  neck d i a m e t e r  a t  t h e  p o i n t  where t h e  r ecompress ion  shocks  

b e g i n  c a n  Se s e e n  i n  the i n j e c t i o n  c a s e .  

I f  the  argument p r e s e n t e d  above i s  c o r r e c t  it f o l l o w s  t h a t  the  

obse rved  e f f e c t s  on base p r e s s u r e  and t e m p e r a t u r e  shou ld  be u n i q u e l y  

r e l a t e d  t o  t h e  amount of i n ~ e c t a n t  e n t r a i n e d  and independen t  o f  the  

!rode o f  i n j e c t i o n .  A c o r r e l a r i o n  of  t h e s e  e f f e c t s  x i t h  t h e  measured 

c ~ i r e z t r a t i ? - - h a s  bee:: made and is presented i n  F i g s r e  15. S u p p r e s s i o n  

of t h e  i r , ] & t i o -  ?ode a s  a parai; .eter i s  c l e a r l y  e1:idenced by these 

r e s u l t s .  T h i s  p r o p e r t y  p r m e s  t o  be of  c o n s i d e r a b l e  u t i l i t y  i n  t h e  

i n t e r p r s t a t i o n  of t h e  resillts c b t a i n e d  w i t h  combust ion .  

D.  E f f e c t  o f  Combustion 

1. Genera l  Remarks 

Althoug7, no d i f f i c u l t y  was encoun te red  i n  i n d u c i n g  com- 

b u s t i 3 , n  a r t i f i c i a l l y  a t  lvd flow t e m p e r a t u r e s  d u r i n g  t he  s u b s o n i c  t e s t s ,  

siriil&r e f f x t s  a t  Mac?? 3 proved f r u i t l e s s -  I n  t h e  l a t t e r  c a s e  b o t h  
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e l ec t r i ca l  spa rk  d i s c k a r g e s  and a t r i e t h y l a l u m i n u m  (TEA) p i l o t  f lame 

w e r e  u t i l i z e d  a s  i g n i t i o n  s o u r c e s .  The TEA p i l o t  f l a m e  w a s  e s t a b l i s h e d  

d i r e c t l y  i n  t h e  base f l cw r e g i o n  by i n j e c t i n g  t h e  p y r o p h o r i c  t h r o u g h  

one of t h e  e x i s t i n g  p r e s s u e  t a p s .  The s p a r k ,  s i t u a t e d  a t  a stream- 

w i s e  s t a t i o n  apFrox ima te ly  one  i n c h  downstream o f  tl;e b a s e ,  w a s  

mounted c:! a p n e u a a t i c  c y l i n d e r  which c o u l d  be wi thdrawn once  com- 

b u s t i o n  w a s  i n i t i a t e d .  ?:.he s t r o k e  of t h i s  c y l i n d e r  w a s  s u f f i c i e r . t  

' t o  t r a v e r s e  the  e n t i r e  j e t  frcx t h e  o u t e r  t u n r ? e l  w a l l t o  t h e  mcdel 

a x i s .  

A t  s u b s o n i c  s p e e d s  o n l y  t h e  s p a r k  so i l rce  w a s  u t i l i z e d  

s i n c e  i c p i t i m ?  w a s  r e a d i l y  echis~.~.ed i n  t h i s  way. T h i s  combust ion  

p e r s i s t e d  ir!  a s t ab le  manner a f t e r  w i t n d r a w a l  of t h e  s p a r k  as  long  

a s  E u e l  f low was m a i n t a i n e d .  

R e f e r r i n g  now t c  t!:e Mach 3 c a s e ,  ir! tes ts  u s i n g  t h e  

spzrk d i s c h a r g c  i t  car. be s t a t e d  c a t e g o r i c a l l y  t h a t  no hydrogen 

ccnbi:.-rior. o c c u r r c 2 .  Ifi t?:e c a s e  of the  p i l c t  flame o n l y  i n d i r e c t  

evider:ce t h a t  comb:isti::r, w3s n c t  i nduced  c a n  be a f f e r r e d  s i n c e  t h e  

p r e s e n c e  of t h e  F i l c t  f l a r e  itself w a s  r e f l e c t e d  by r ises  i n  pressure, 

recovery t e m p e r a t 3 r e ,  ar,2 '..eating r a t e s  a t  t h e  base. T h i s  i n d i r e c t  

evi,3zDce 1 s  2 s  fcll:yfirs f i r s +  .. , t h e  cbse r - l ed  e f f e c t s  p e r s i s t e d  o n l y  

so lczg a s  t?.e TEA f l c w  was T a i r t a i n e d  e\-eri i f  t h e  hydrogen f low 

was co2tir: l :ed fcr a l o z g e r  p e r i d .  S e c c n d l y ,  t h e  rn-agnitude o f  

these  e f f e c t s -  (e. g. I base pressure r i se )  was i n d i s t i n g u i s h a b l e  

S e t w e e n  r u n s  which ,  i x  ?ne case i n c l u d e d  53th hydrogen and 

TEA f lox ,  and i n  t h e  c t k e r ,  o n l y  TEA flow was m a i n t a i n e d .  

These e f f c r t s  w e r e  c a r r i e d  out over t h e  ternperattire r a n g e  1500-1800 R .  

It  i s  conclcded  t h a t  fcr t h e  i n j e c t i o n  c o n f i g u r a t i o n s  used  and f o r  t h e  

Mach 3 c o n d i t i o n  s t a b l e  ccmbust ion  i n  t h e  r e c i r c u l a t i o z  zone c a n n o t  

0 

0'"" LLdr  a t  these low t e m p e r a t u r e s .  Thus ,  i n  view o f  t h e  r e s u l t s  o f  Townend 

( R , : f . l )  a?.G Saker e t  a1 ( R e f  . 2 )  a "flame c k t "  Mach xunber  e x i s t s  somewhe 
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be tween 2 . 1 4  and 3 .  

i o n a l  hiowever, s i n c e  d i f f e r e n c e s  i n  t h e  i n j e c t i o n  c o n f i g u r a t i o n  e x i s t e d  

be tween the  p r e s e n t  t e s t s  and t he  e x p e r i m e n t s  c i t e d .  

The l a t t e r  c o n c l u s i o n  must  be c o n s i d e r e d  p r o v i s -  

For c c n v e n i e n c e  i n  t h e  f u r t h e r  d i s c u s s i - o n  the  r e s u l t s  

o b t a i n e d  w i t h  combust ion  w i l l  be c h a r a c t e r i z e d  as either s u p e r s o n i c  

or  subsonic . .  Ir, t h e  f i r s t  c a t e q c r y  w i l l  be i n c l u d e d  those  tests a t  

Mac> 3 where cor rhus t ion  w a s  a consequence  o f  a u t o i g n i t i c n  d u e  t o  

e l e v a t e d  f l o w  s t a g n a t i o n  temperatures. I n  the  second category w i l l  

be i n c l u d e d  s u b s o n i c  t e s t s  where combustior-. w a s  induced  a r t i f i c i a l l y  

b y  ixeans of  an electrical s p a r k .  

2 .  S u p e r s o n i c  R e s u l t s  

T3e  p r o c e d u r e  h e r e  c c n s i s t . e c  of f i r s t  e s t a b l i s h i n g  the  

d e s i r e d  s t e a d y  s t a t e  t u r n e l  c o n d i t i o n s  whereupor, i n j e c t i o n  of t h e  

fxel was i x i t i a t e d  by  a c t i - \ , a t i n g  a sys t em o f  e l e c t r i c a l l y  o p e r a t e d  

7.7alT?es. V i s u a l  o b s e r v a t i s n  of t k e  b a s e  r e g i o n  dur i r .9  the  t e s t  was 

by means gf a t e l e v i s l o r :  Fion;tsr. The b c r r , i n g  was r e a d i l y  o b s e r v e d ,  

stead!:. and p e r s i s t e d  s: 1 ~ 2 ~  a's t ? ? e  f u e l  w a s  m a i n t a i n e d .  A t y p i c a l  

d i r e c t  ?hotograplr, ob ta ined  dur ing 5ur i? izq  i s  shown ir ,  F i g u r e  16. The 

e f f e c t  3 5  t;?is cml~*- :sz io? .  s?: bas? p r e s s u r e ,  r e c z v e r y  t e m p e r a t u r e  and 

base ?!cat i - ' l u s , r a t e :  L E  s:?c.\;.r. ic Y i c u r e s  1 7 ,  18, 19  Here the  v a l u e s  

obtair ,ed v.-;itI? c x k c s t i o r ,  ha::e bee? compared w i t h  the appropr ia te  c o n d i -  

t i o n  o c c x r i : ? ?  i rL-ed. ia te ly  hcf3 , re  burni.ng was i r i t i a t e d  . This com- 

Par i s33  i s  rnade ove r  a r a r g e  of fuel f l c ; ~  w i t h  t h e  i n j e c t i o n  mode as '  

a parameter. 

Ir. o r d e r  t o  cor re la te  these e f f e c t s  w i t h  t h e  c o n c e n t r a t i o n  

a s  fo r  the non-burning r e s u l t s  t he  c o n c e n t r a t i o n  w a s  e s t i m a t e d  b y  

u t i l i z i n c  the n e a s u r e d  f u e l  f l ~ w  r a t e s  i n  c o n j u n c t i o n  w i t h  t he  ca l l -  

b r a t i o -  c u r v e s  drawn througfi  t'he d a t a  shown i n  F i g u r e  10. T h i s  i s  

n e c e s s i t a t e d ,  05 cDurse ,  by the  f a c t  t h a t  d i r e c t  measurement of fue.1 

c o n c e n t r a t i o n  ~ z s  n o t  p s s i b l e  d u r i n q  these h i g h  t e r p e r a t u r e  r u n s .  The 
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r e s u l t  of t h i s  c o r r e l a t i o n  i s  shcwn i n  F i g u r e  20. Again s u p p r e s s i o n  

of tGe i n f l u e n c e  c f  i n j e c t i c n  mode i s  a p p a r e n t .  

I n  a f u r t h e r  e f f s r t  t o  d e s c r i b e  t h e  obse rved  phenomena 

i n  an e l e m e n t a r y  way the  ( e q u i l i b r i u m )  a d i a b a t i c  flame temperature 

c o r r e s p o n d i n g  t o  the  e s t i m a t e d  v a l u e s  of c o n c e n t r a t i o n  and t h e  

c o n d i t i o n s  a t  t h e  base p r io r  t o  combust ion  ( i - e . ,  t he  f r o z e n  con- 

d i t ' iDn)  w a s  c a l c u l a t e d  and i s  compart?d with t h e  measured r e c o v e r y  

temper . s ture  i n  F i g u r e  21. T h i s  p r o c e d u r e  i s  i n  tke  s p i r i t  of 

Zak1:ay (Ref. .  1 2 )  , vho has  demons t r a t ed  t h a t  an accurate  p r e d i c t i o n  

of t he  f l ame  t e m p e r a t u r e  i n  f r e e  j e t s  can  be c b t a i n e d  by  t h i s  

t e c ' l c i q u e .  Of course,  i n  t k e  p r e s e n t  a p p l i c a t i c n  t h i s  p r o c e d u r e  

c a n n o t  be expec ted  t o  be as  a c c u r a t e  f o r  two r e a s o n s .  F i r s t  o f  

a l l ,  i n  l . ' i e : s ?  of  t h e  ;neat si?k c a F a b i l i t y  of  t h e  n c d e l ,  t h e  process i s  

: :on-isDenerzetic 5 3  that an anproach  which n e g l e c t s  t h i s  e f f e c t  

w o ~ l d  tenc t a  over p ' red ic t  t h e  final t e r r ,pera ture .  The e x i s t e n c e  of 

c h i s  e f f e c t  i s  e.:ide:?.cec! b;)- t h e  compar iscn  d raxn  i n  F i g u r e  2 1  and 

t:-,e d a t a  a5 FiyGrc 2 2 ,  showi:ig the e f f e c t  o f  i n c r e a s e d  h e a t i n g  r a t e s  

on the XecDvery .teTperzture and the l a t t e r s  d e p a r t u r e  f rom the c a l c u -  

l a t e d .  v a l u e .  A secsnc! Y cassT: fc;r e x p e c t i n g  sone de,:Laticn be tween 

t :?~ ca lcu la t e -d  and reass red  v a l u e s  i s ,  c f  cGcrse. a s s s c i a t e d  w i t h  t h e  

prsssure r i s e n  3bse rved  v:itF, b a r n i n 2  and t h e i r  r e s u l t i n c ;  e f f e c t  on 

t 3e  f l o i j  f i e l d .  ,i?-:is i r t e r a c t i o n  i s  e s p e c i a l i y  c r i t i c a l  i n  t he  case 

o f  a base flow. D e s p i t e  t hese  s h o r t c o m i n g s ,  the  p r o c e d u r e  appeaks 

t o  provicie a r a t i o n a l  method f o r  e s t i m a t i n g  t he  maximum t e m p e r a t u r e .  

6 

The hea t  t r a r . s f e r  r e s u l t s  o b t a i n e d  w i t h  ccr rbus t ion  are 

conpzxed w i t h  the  no i n j e c t i o n  r e s u l t s  i n  F i g u r e  2 3  u s i n g  t h e  n m -  

d i r i e n s i c n a l  r e p r e s e n t a t i . o n  p r e v i o u s l y  i n t r o d u c e d  ( c f .  Eq. ( 3 )  ) . I n  

c o F F u t i n 5  these 2ara rne te r s  t h e  v a l u e s  of  T and p t ha t  o c c u r  d u r i n g  

c x 3 u s t i o x  a r e  u t i l i z e d .  T??eE the cliermal properties (u, k, h )  a r e  

!3 B 0 
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e v a l u a t e d  a t  t h i s  t e n p e r a t u r e  and p r e s s u r e  from s t a n d a r d  a i r  tables. 

Although it would appear t h a t  a rough c o r r e l a t i o n  has been  o b t a i n e d  

b y  p l o t t i n g  the  d a t a  i n  t h i s  form it  i s  clear  t h a t  t h i s  c o r r e l a t i o n  

i s  of q u e s t i o n a b l e  v a l u e  s i n c e  it i n v o l v e s  q c a n t i t i e s  which ,  a t  

p r e s e r . t ,  c a n p c t  be p r e d i c t e d  ( i . e . ,  t h e  r e c o v e r y  t e m p e r a t u r e . a n d  

base p r e s s u r e  w i t . h  combust icn) .  I n  o r d e r  t o  e f f e c t  a more mean ingfu l  

c o r r e l a t i o n  ar-d m e  which wculd h a v e  some e n g i n e e r i n g  u t i l i t y ,  modi- 

f i e d  d e f i n i t i o n s  of N u s s e l t  and Reynolds  numbers w e r e  i- n 

a c c o r d a n c e  w i t h :  

where T d e n o t e s  the  flame t e m p e r a t u r e  c a l c u l a t e d  as d e s c r i b e d  

b e f o r e ,  s u b s c r i p t  f d e n o t e s  p r o p e r t i e s  e v a l u a t e d  a t  t h i s  temper- 

a t u r e  and s u b s c r i p t  i d e n o t e s  CGndi t ions  o c c u r r i n c  pr ior  t o  com- 

b u s t i o n .  The r e s u l t  of t h i s  m o d i f i c a t i o n  i s  shown i n  F i g u r e  24. 

T h e  power l a w  c o r r e l a t i o n  showr. i n  t h i s  f i g u r e  f i t s  a l l  o f  t h e  d a t a  

w i t h i n  = 12% w i t >  the  e x c e p t i o n  o f  one o f  t he  a n n u l a r  c o n b u s t i o n  

rur . s .  I t  s;?ould be noted t h a t  the  pressure r i s e  a s s c c i a t e d  w i t h  

f 

- c  L:-is r u n  w a s  t h e  h i g h e s t  observed  i n  t h e  s e r i e s ,  amcur,t ing t o  an  

i n c r e a s e  a p p r o x i m a r e l y  75% mer t h e  i n i t i a l  v a l u e .  T h i s  i n d i c a t e s  

t h a t  the u s e f u l n e s s  of t h e  c o r r e l a t i o n  i s  r e s t r i c t e d  t o  t h o s e  cases 

w 5 e r e  m o d i f i c a t i o n  of the  f low f i e l d  b y  the combust icn  i s  s m a l l .  

S u b j e c t  t o  t h i s  r e s t r i c t i o n ,  the c o r r e l a t i o n  p r o v i d e s  

a met5od f o r  p r e d i c t i n g  the  h e a t i n g  ra tes  t o  which t h e  base would 

be exposed d u r i n g  combust ion from a knowledge of c o n d i t i o n s  e x i s t i n g  

p r io r  t o  ccmbust ion  i f  a r e a s o n a b l e  estimate of t h e  c o n c e n t r a t i o n  

i n  t h e  r e c i r c u l a t i o n  r e g i o n  c a n  be made. Of m u r s e ,  the  p r e s e n t  

r e s u l t s  ds n o t  p r o v i d e  any way of making t h i s  l a t t e r  es t imate ;  on 

t h e  c o n t r a r y  t h e y  i n d i c a t e  t h e  i n f i e r e n t  d i f f i c u l t y  i n  making any s u c h  
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p red ic t ions  s i n c e  t h i s  parameter is  not simply r e l a t e d  t o  flow r a t e  

b u t  depends c r i t i c a l l y  cn  the  p a r t i c u l a r  flow conf igu ra t ion  used t o  

introduce t h e  f u e l .  On t h e  o the r  hand, an e s t ima te  of t h e  maximum 

hea t ing  t o  be expected can be cb ta ined  by asscming i n  a l l  cases the  

s to ich iometr ic  condi t ion  t o  p r e v a i l .  A s  an exanple ,  consider  t h e  

following s e t  of i n i t i a l  da t a  which corresponds t o  one of t h e  tests 

= 132OUR, 
*O 

described i n  t h i s  r e p o r t .  Take p = 3.5 p s i a ,  

T 

u n i t y ) .  

Re = 3 . 5  x l o 4 .  

0 Bi R i  
= 632 R and assGme X = 0.424 ( i . e . ,  an equivalence r a t i o  of 

W B i  8 2  
Then from conbzstion t a b l e s  (Ref.. 13 )  T,=4640CR so t h a t  - 

B 
Hence, 

L 
S O  that a_, = 1 1 7  B T U / f t  sec .  T h i s  va lue  i s  approximately t w i c e  

2 t h e  measured value cf 54 B T a / f t  sec .  and t h e  l a t t e r  inc ludes  t h e  

e f f e c t  of  a pressG.re r i s e  amounting t o  a 60% inc rease  over t h e  

i x i t i a l  value.  Xence t h i s  approach car. gene ra l ly  be cha rac t e r i zed  

a s  conservat ive.  

B 

Fi? . a l iy ,  i t  i s  ncted t h a t  an LpFer lir.it i n  t he  r i se  

ir, hea t ing  r a t e  is i nd ica t ed  by the  da t a .  I n  F i g c r e  2 0  i t  can 

5e s e e n  t h a t  f o r  hydrogen concen t r a t i cns  apprcaching s to i ch io -  

met r ic  t h e  r a t e  of i nc rease  i n  hea t  t r a n s f e r  i s  a t t e n u a t e d .  I t  

i s  expected t h a t  f o r  higher  concent ra t ions  t h i s  t r end  would con- 

t i n u e .  I t  appears t h a t  t h i s  maximum corresponds t o  a f a c t o r  of 

four .  This incii ides a pressLre e f f e c t  which, i f  e l imina ted ,  would 

r e s u l t  i n  lower r a t e s  of hea t ing  due t o  t h e  combustion alone. 

The effect  of p re s su re  on heat  t r a n s f e r  c o e f f i c i e n t  i s  shown i n  
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F i g u r e  25. 

i n j e c t i o n .  W i t h  t h i s  as a b a s i s ,  a c o r r e c t i o n  applied t o  the data  

The d a t a  i n c l u d e s  o n l y  t h o s e  r e s u l t s  o b t a i n e d  w i t h o u t  

of F i g u r e  20 would i n d i c a t e  a maximum i n c r e a s e  i n  h e a t i n g  r a t e  

a p p r o x i m a t e l y  three t i m e s  the  i n i t i a l  v a l u e .  

3. Subson ic  R e s u l t s  

All of the test  da ta  f o r  the s u b s o n i c  tests h a v e  been  

t a b u l a t e d  i n  Table II. It should be no ted  t h a t  d u r i n g  t h i s  series 

the  the rmocoup le  m o n i t o r i n g  the r e c o v e r y  temperature w a s  i n o p e r a t i v e .  

Hence, t he rmocoup le  p r o b e s  were i n s t a l l e d  a t  two downstream s t a t i o n s  

a t  the  model axis and a t  t h e  d i s t a n c e s  g i v e n  i n  Table I1 i n  m u l t i p l e s  

of the base r a d i u s  r B. 
The heat t r a n s f e r  r e s u l t s  are eummarized i n  F i g u r e  26 and 

compared w i t h  the  eupe reon ic  d a t a  i n  F i g u r e  27. 

e f fec t  i s  e v i d e n t .  It ehould a l s o  be no ted  t h a t  combust ion  w a s  ach ieved  

o n l y  w i t h  t h e  a n n u l a r  i n j e c t i o n  mode preeumably b e c a u s e  of the excess- 

i v e l y  d i l u t e  f u e l  c o n c e n t r a t i o n  o c c u r r i n g  w i t h  t u b u l a r  i n j e c t i o n .  

a g r e e s  w i t h  the  r e e u l t s  of  t es t  281 and 284 w h e r e i n  combust ion  w a s  n o t  

ach ieved  even w i t h  t h e  annu la r  i n j e c t o r  b u t  a t  the lowest rates o f  f u e l  

f low.  It should appear  t h a t  for  t h i s  c o n f i g u r a t i o n  a lower l i m i t  for  
combust ion  o c c u r s  a t  X e 0 . 1 .  This l i m i t  has been  character ized i n  

the  v a r i o u s  f i g u r e s  a s  t h e  " f l ame  o u t "  l i m i t .  This agrees w i t h  the  

l i m i t s  o f  i n f l a m m a b i l i t y  established f o r  related c o n f i g u r a t i o n s  w h e r e i n  

p i l o t s  and flame h o l d e r s  a r e  u t i l i z e d  t o  i n d u c e  i g n i t i o n  at s i m i l a r  

temperature l e v e l s .  

shown i n  F i g u r e  28. 

A d i s t i n c t  Mach number 

This 

H2 

The e f f e c t  o f  combust ion  on base pressure is 
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IV. CONCLUSIONS 

On t h e  b a s i s  of the  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  report 
, 

t h e  f o l l o w i n g  c o n c l u s i o n s  h a v e  been  r eached :  

1. The a p p r o p r i a t e  pa rame te r  f o r  c o r r e l a t i n g  t h e  e f f e c t s  of 

i n j e c t i o n  and combust ion o f  a f u e l  e n t r a i n e d  i n  the r e c i r c u l a t i o n  

zone of a c y l i n d r i c a l  base i s  the c o n c e n t r a t i o n  of t he  f u e l  t h e r e i n .  

2 .  

( f r o z e n )  c c n d i t i o n  e x i s t i n g  p r i o r  t o  combust ion  p r o v i d e s  a r a t i o n a l  . 

estimate of the r e c o v e r y  temperature i n  the  r e c i r c u l a t i o n  zone.  

3 .  

i l l c r e a s e  i n  h e a t i n g  r a t e  due t o  c smbus t ion  i s  e s t i m a t e d  t o  be on 

t h e  o r d e r  o f  a f a c t o r  of 3 t o  4. 

4. 

zone will nor: occur  if f r ee  s t r e a m  t o t a l  t e m p e r a t u r e s  are below 

a p p r o x i n a t e l y  1 8 0 @ ' : R ,  eDen i f  l o c a l  h o t  s p o t s  occur  i n  the  immediate  

v i c i n i n y  of t h e  b a s e .  

The ad iba t ic  f lame temperature c a l c u l a t e d  from the  i n i t i a l  

A t  Mach 3 ,  and w i t h  hydrogen  a s  t h e  i n j e c t e d  f u e l ,  the  maximum 

.z?: Mach 3 it a p p e a r s  t h a t  s t a b l e  combust ion  ir ,  t h e  r e c i r c u l a t i o n  

Ir. addition t o  t5ese c o n c l u s i o n s  a method f s r  e s t i m a t i n g  hea t  

t r a n s f e r  and r e c o v e r y  t e x p e r a t u r e  i n  the base r e g i o n  w i t h  combus- 

t i ~ n  of hydroqen h a s  bee:? d e s c r i S e d .  

c o r r e l a t r o n  forrr.ula v.%ic?I ?.as S e e n  found t c  e x h i b i t  a Mach number 

d?p?ndence. 

r e q u i r e d  t o  a s c e r t a i n  t3e form of  tI-:is Mach number e f f e c t .  

T h i s  p r o c e d b r e  i n v o l v e s  a 

A d d i t i o n a l  t e s t s  a t  d i f f e r e n t  Mac? nunber s  would be 
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